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Abstract 
Milling of advanced engineering composite materials (AECMs) by conventional methods is a difficult task due to non-
homogeneous constituents, delamination, fiber pullout, carcinogenic gases. On the other hand, waterjet machining, among the non-
conventional approaches, is a well proven technology for machining of a wide range of materials due to its unique features. By 
considering the limitations of the conventional milling tool path strategies for AECMs, various jet based strategies are considered 
by taking into account the less strength of composites in the transverse direction and aggressive nature of high energy waterjets. 
Surfaces generated by the above approaches are evaluated for their surface integrity and metrological aspects of the pockets.  
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Selection and peer-review under responsibility of The International Scientific Committee of the “2nd Conference on Surface 
Integrity” in the person of the Conference Chair Prof Dragos Axinte dragos.axinte@nottingham.ac.uk 
Keywords: waterjet machining; surface integity; composite materials; milling
1. Introduction 
     High-value added industries, such as aerospace, 
automotive, have increased the usage of composite 
materials due to their high ratios: strength/weight, 
modulus/weight, in comparison with metals [1-3]. 
Secondary machining cannot be avoided on the near-net-
shape manufactured components to attain desired 
geometry and tolerances [1-3]. Due to the heterogeneity, 
anisotropy, heat sensitivity and highly abrasive nature of 
AECMs, machining of composites is significantly 
different to metal cutting. Hence, the manufacturing cost 
is the one of the main driving factors for the AECMs [4]. 
Although, conventional machining (drilling, milling and
grinding) has been used with specially designed tools 
and optimised process parameters, they suffer from 
limitations, such as matrix cratering, fiber pullout and 
inter-laminar cracks [1-3, 4-11]. Cutting tools are also 
damaged by high abrasive nature of the fibers thus, 
rounding the cutting edges prematurely. The differences 
in hardness (between the fibers and matrix) lead to edge 
chipping of the cutting tool, high tool wear while the 
tool clogging by melted matrix. The increase in 
temperature during grinding, increases the ductility of 
the workpiece, and thereby leads to wheel loading [6-9]. 
High thermal stresses and forces generated during 
drilling lead to delamination of fibers, defects that limit 
the cutting speed thus resulting in an unproductive 
process. From the literature review, it is observed that 
the specialised tools, use of conservative unproductive 
process parameters limit the application of traditional 
machining methods. Irrespective of the above 
limitations, in most cases, conventional approaches are 
still being used due to lack of alternative methods. 
     Advancements in the non-traditional machining 
processes (waterjet, electro discharge (ED), laser beam 
(LB)) address the highlighted issues with the traditional
approaches, and offer an opportunity to machine, 
AECMs economically, thus realising the full potential 
for a wide range of applications [2, 7-8]. However, LB 
and ED approaches have the following limitations: 
analysis of fumes from the LB machining indicated the
presence of fragmented powders and high concentration 
of CO, hydrogen cyanide, and forms heat affected zone 
(HAZ) [3]. ED machining depends on the conductivity 
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of the composites whereas glass and kevlar composites 
are poor electrical conductors. As a holistic cutting 
capability comparison with LB, ED and plasma 
machining, abrasive waterjet (AWJ) can cut higher 
thickness (~60cm) of virtually any material [9]. Due to 
the unique features – negligible cutting forces, no HAZ 
and high maneuverability, it is a capable technology for 
AECMs. Although, machining with the AWJs is a well 
proven as an efficient technology for through-cutting 
[13-15], very limited attempts have been reported for 
milling. This can be attributed to the limitations that 
stem from the aggressive nature of the jet. Among the 
reported AWJ milling attempts, most of the studies are 
on homogeneous materials (metallic alloys, ceramics, 
shape memory alloys, nickel and titanium) [16-20], and 
very limited investigations have been reported on 
heterogeneous materials [21-22]. Milling of composite 
materials is quite different from homogeneous materials 
due to the following challenges: (i) the damage caused to 
the fibers – reduction in applied load carrying capability 
of fibers, (ii) delamination by the creation of stagnation 
pressure, (iii) non-uniform strength in different 
directions that lead to complex material removal 
depending on the direction. Most of the AWJ milling 
approaches reported have employed masks to cover 
certain areas of the workpiece to eliminate the over 
erosion. However, the preparation of a mask is time 
consuming, and its material should be harder than the 
workpiece to be milled. Nevertheless, masking increases 
the component manufacturing costs and therefore, such 
approaches should be avoided. 
Nomenclature 
P Water pressure (MPa) 
mf Abrasive mass flow (kg/min) 
v Jet traverse rate (mm/min) 
do Diameter of orifice (mm) 
df Diameter of focusing nozzle (mm) 
SOD  Standoff distance (mm) 
h  Milling depth (mm) 
N  Number of passes 
Ra  Surface roughness (μm) 
Wa Surface waviness (μm) 
α  Jet impingement angle (deg) 
 
2. Scope of the work 
    The present work attempts to develop a pocket milling 
strategy for difficult to machine advanced engineering 
composite materials by employing high energy waterjets 
in association with the identification of optimised 
process parameters to enable mask-less milling with 
enhanced surface quality. To this end, in this work, 
(i) A novel high energy jet specific milling strategy, for 
a wide range of composite materials, was proposed 
and demonstrated for mask-less milling of pockets by 
‘plain waterjets’ and ‘abrasive waterjets’. 
(ii) Surface integrity analysis on the milled surface, 
delamination, surface roughness, waviness and 
dimensional analysis were performed. 
 
3. Experimentation and methodology 
3.1 Experimental setup and selection of critical process 
parameters 
 
     Pocket milling was performed on a waterjet machine 
that enables maneuvering the jet plume along the five 
axes (X-axis: 1.9 m, Y-axis: 1.2 m and Z-axis: 0.78 m; 
Y-axis (B-axis): 1800, Z-axis (C-axis) axes): 3600. The 
high pressure pump supply water at a maximum pressure 
(P) of 414 MPa. The abrasive mass flow rates (mf) can 
be varied in the range of 0-1kg/min and the jet traverse 
rate (v) can be achieved in the range of 0-
20,000mm/min. Figure 1 presents the photograph of the 
AWJ machine setup used for this study. Garnet abrasive 
media with 80 mesh size was employed, and the milling 
was carried out on workpiece made of AECM materials 
(carbon fiber, glass fiber and carbon-glass fiber). 
 
     As the characteristics of the kerf are influenced by 
parameters, such as P, focusing nozzle diameter (df), mf, 
jet impingement angle (α), v and standoff distance 
(SOD), careful consideration has been taken in selecting 
their values. To maintain the optimum ratio of the df to 
the do of 3-4 for optimum performance [23], df of 1.02 
mm and do of 0.3 mm were employed. Garnet abrasive 
of 80 mesh size was used [24]. SOD of 3 mm was 
selected as it has been demonstrated that material 
removal rate (MRR) is insensitive to SOD within the 
range of 2-5 mm and decreases beyond 5 mm at an α of 
900 [25-26].  
 
Fig. 1 Abrasive waterjet milling setup 
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3.2 Methodology for jet based milling of pockets and 
surface integrity analysis 
 
     In the following, the methodology adopted in milling 
and analysis of pockets in AECMs is presented. 
 
a) Jet specific milling strategy for pocket: A novel 
strategy of jet traverse in a horizontal and vertical 
rastering fashion was used to remove the material 
to generate a pocket with desired dimensions and 
shape. Milling was conducted on a carbon-glass 
fiber composite material (Cytec 977-2 Toray HTS 
– 12K CF GF7781), and the following process 
parameters were identified from the pilot trials: P = 
138 MPa, df = 1.0mm, do = 0.3 mm, mf = 0, SOD = 
3mm, v = 500 mm/min, α = 900, and N = 2. 
b) Geometrical and surface analysis of milled 
surface: Geometrical analysis of the milled pocket 
was performed on the cross-sectional profiles 
obtained using Talysurf® profilometer. Dimensions 
of the geometrical features, such as pocket depth, 
top corner radius and bottom corner radius were 
measured. Evaluation of surface roughness, 
waviness and straightness of the surfaces was 
performed. 
c) Investigating the damages and delamination 
caused by the waterjet on the milled surface: 
Causes for the damages at various regions of the 
pocket, delamination and manner of material 
removal were analysed. Various regions of this 
surface were analysed with the help of scanning 
electron microscope (SEM). For this investigation, 
the pocket milled in glass fiber composite was cut 
along one of the pocket wall. 
4. Jet path strategy for efficient milling 
A novel jet path strategy is proposed wherein the jet 
is moved in two perpendicular directions: (i) horizontal 
path and (ii) vertical path. In both the paths, the jet is 
moved in a zig-zag raster path to cover the desired area. 
In order to avoid the over erosion and the need for 
masks, a special strategy is adopted: first the jet is 
allowed to flow only after the jet translational movement 
is started. Similarly, the jet is stopped at the end of the 
path before the jet translational movement is stopped.  
5. Results and discussion 
5.1 Proposed novel milling strategy 
In this section, observations made from the high energy 
jet-specific pocket milling trials by adopting the 
proposed strategy were presented. Figure 2 presents the 
photograph of the pocket milled on GFRP composite. It 
can be seen from the milled pocket that there is no over 
erosion caused by the high energy jet either at the 
beginning of the milling path or at the end. This can be 
attributed to the control over the jet energy that made 
available to the composite surface during milling by the 
proposed approach. Moreover, all the four corners are of 
good quality without any visible damage.  
 
5.2 Geometrical analysis of milled pockets 
 
     Figure 3 presents the cross sectional profile scanned, 
parallel to one of the boundary walls, at the middle of 
the pocket. From the metrological analysis, it was found 
that pockets with a corner radius of 1.25mm and top 
radius of 0.37 mm can be milled. The slope of the wall is 
not normal to the bottom surface which can be attributed 
to the way the material is removed by the waterjets and 
the reflected secondary jet. 
 
 
 
Fig. 3 Cross sectional profile of pocket milled 
 
     In order to evaluate the technology, milling trials 
were performed on various types of AECMs. Table 1 
presents the achieved pocket depth (h), and surface 
quality: surface roughness (Ra) and surface waviness 
(Wa). Variation in pocket depth and surface 
characteristics can be attributed to the mechanical 
properties of fibers and matrix materials of AECMs. The 
increased h (= 3.62 mm) in case of GFRP materials in 
comparison to the depth of pocket achieved in CFRP 
materials (= 2.64 mm) for the same machining 
parameters can be attributed to CFRP’s resistance to 
erosion. Furthermore, these characteristics (brittleness 
and erosion resistance) of carbon fibers resulted in 
 
 
 
 
 
 
 
Fig.2 Pocket milled in GFRP composites  
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slightly non-uniform removal of material and in milled 
surface roughness (= 29.3μm) compared to the surface 
generated (= 24.1μm) on the glass fibers. The ductility 
of glass fibers has resulted in higher waviness (= 0.117 
mm) compared to that (=0.111 mm) on the carbon fibers.  
 
Table 1 Geometrical measure of the pockets milled by waterjets in 
carbon- and glass- fiber composite materials 
 
 
5.3 Milled surface characterisation  
     In this section, the surface generated, by adopting the 
proposed waterjet milling strategy, were analysed with 
the help micrographs, which helps in understanding the 
characteristics of the process and address the issues in 
producing better quality surface. Figure 4 present a clear 
picture of the challenges involved in using jets in milling 
AECMs with the help of magnified photographs and 
micrographs (SEM) of various regions of the GFRP 
milled surface (P = 138 MPa, mf = 0 kg/min, v = 500 
mm/min, α = 900, N = 2, SOD = 3 mm, df = 1.0 mm, do 
= 0.3 mm) and are explained in the following: 
 
 
 
 
 
 
 
 
 
Fig. 4 Cut surface of the pocket milled in GRRP composite material 
for damage analysis 
 
The milled pocket has damaged regions. In through 
cutting of the material, there exists only cutting wear 
mode as there was no secondary jet that causes damage. 
Various regions of the pocket wall have different 
characteristics and are explained in the following with 
the help of micrographs obtained from SEM at x200 
magnifications: the surface obtained at the middle 
portion of the wall (Fig. 4a) of the waterjet milled pocket 
presents similar characteristics of the through cut surface 
(Fig. 4b). This is because the material removal was done 
in cutting wear mode and the jet has enough energy to 
remove the materials. On the other hand, there exists 
material removal in deformation wear mode (Fig. 4c) at 
the bottom of the wall. As the jet goes down, it loses its 
energy. The jet with less energy cannot penetrate further 
and gets deflected and damages various layers of the 
composite material either by secondary machining. 
Furthermore, delamination was observed at the top layer 
of composite (upper portion of the wall – Figs. 4d and 
4e) along the top edge due to the secondary jet deflected 
from the bottom in all directions. 
 
     Surrounding the start of the jet path for milling (Fig. 
4e), shattered fibers on the top layer of the AECM was 
observed. At the start of milling, the jet cannot get way 
to escape as the starting point of milling is surrounded 
by chunk of material (Fig. 4e) and creates stagnation 
pressure. Hence, the jet tries to come out through the 
surroundings wherever it finds less strength area; in that 
process the high energy jet delaminates the material 
mostly by piercing the fibers (Fig. 4e) and taking away 
the matrix material. Similarly, as the depth of pocket 
increases, the jet reflects from the bottom of the pocket 
(Figs. 4d and 4e) surface and delaminates. 
 
5.4 Influence of various process parameters on surface 
characteristics 
 
     To study the combined influence of jet feed rate and 
SOD, both parameters were varied simultaneously. For 
this purpose, the v and the SOD were varied in the range 
of 1000-5000 mm/min and 3-50 mm respectively. From 
the resulting milled surfaces (Fig. 5), the following were 
observed. At lower v = 1000 mm/min (Fig. 5a), the top 
glass fiber layers were completely removed along with 
the damage to the following first carbon layer, in 
addition to partial damage to the third carbon layer. 
When the v was increased to 3000 mm/min, the h was 
reduced due to the reduction in the exposure time of the 
AECM workpiece to the jet and could only remove the 
first layer of glass fibers and partially damage the 
following glass fiber layer (Fig. 5b). In the similar steps, 
when the v increased to 5000mm/min, there exists 
negligible fiber damage and the resulted milled surface 
was also uniform. This can be attributed to the decreased 
exposure time of the composite material to the jet. In 
other words, at the higher v of 5000mm/min and SOD of 
15mm, the surface resulted is comparatively uniform 
(Fig. 5d) to the surface at lower v of 1000mm/min (Fig. 
5a). However, employing higher v lead to difficulty 
when jet changes its direction in milling. However, in all 
the above cases SOD was kept constant at 3mm. When 
 Type of composite material 
Parameter GFRP  CFRP  
Depth of pocket  3.62 mm 2.64 mm 
Surface roughness 24.1 μm 29.3 μm 
Surface waviness 0.117 mm 0.111 mm 
b a 
e c d 
c 
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SOD changed to 15 mm, control over the jet structure 
definition was lost. Hence, the uniformity of the milled 
surface was also lost and resulted in damaged glass 
fibers on the surface (Fig. 5d). This effect was 
aggravated as the SOD increased. This can be supported 
from the damaged surface milled (Fig. 5e) at lower jet 
traverse rates (v = 3000 mm/min) and higher SOD of 
50mm. However, with the decrease in v to 3000mm/min, 
the surface quality was increased (Fig. 5e) and damage 
to the glass fibers was reduced. It was found that the 
lower SOD of 3mm (where the definition of jet structure 
is suitable for generation of pocket surfaces) and 
medium range jet traverse rate were suitable for 
generation of uniform surfaces without much fiber 
damage. This was demonstrated by milling (Fig. 5f). 
 
6. Conclusions 
Proposed high energy jet based milling strategy was 
successfully demonstrated that enables high productive 
mask-less milling of a wide range of advanced 
engineering composite materials, such as carbon fiber, 
glass fiber and glass-carbon fiber composites which are 
difficult by conventional machining methods. In this 
study, pocket milling by employing ‘waterjets’ and 
‘abrasive waterjets’ was presented. Furthermore, surface 
integrity analysis results on various regions of milled 
surface were presented so that the user can take into 
account these results, when employing jet based 
approaches, to assess the suitability of generated 
surfaces for various applications. 
 
From the studies on the micrographs, it was observed 
that by suitably controlling the energy of the jet by the 
combination of suitable waterjet process parameters, jet 
path strategy, fiber damage can be reduced. Furthermore, 
by employing accurate work holding devices that can 
maintain flatness of the workpiece in the aggressive 
conditions of the waterjet, and advanced machine tool 
controllers those can have a better control over the jet, 
the quality of the milled pocket in composite materials 
can be improved by minimising the damage.  
 
By keeping in mind the damage caused to the fibers, 
milling composite materials with abrasives was 
discouraged when the surface quality is of primary 
concern. Depending on the applications these pockets 
are used for, if the resin layer is critical, after milling 
with waterjets fresh resin layer can be deposited on the 
milled surface as resin is washed away, by high energy 
jets, in most of the milling cases. The key point in the 
waterjet milling of composites is the control of the 
exposure time of the workpiece to the jet. By allowing 
the uniform exposure time of the surface to the jet, the 
surface quality can effectively controlled. At this stage, 
AWJ technology can be used effectively in the industry 
as a two stage process wherein first stage includes 
milling of basic pocket and in second stage a resin layer 
is re-casted on the milled composite surface. 
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